Winter CO 2 flux is an important element to assess when estimating the annual carbon budget on 2 regional and global scales. However, winter observation frequency is limited due to the extreme 3 cold weather in sub-Arctic and Arctic ecosystems. In this study, the continuous monitoring of 4 winter CO 2 flux in black spruce forest soil of interior Alaska upon permafrost regime was 5 performed using NDIR CO 2 sensors at 10, 20, and 30 cm above the soil surface during the 6 snow-covered period ( 
where D is CO 2 diffusivity corrected only for the in-situ temperature within the snowpack 10 measured in cm 2 /sec (Sommerfeld et al., 1993; Fahnestock et al, 1999) ; ∂C/∂z is the vertical CO 2 11 concentration gradient observed within the snowpack in ppmv/cm; τ is tortuosity; and θ is the 12 snow porosity. The CO 2 concentration gradients from 10 to 20 cm and from 20 to 30 cm were 13 similar, indicating that the gradient is almost linear; the gradient ratios for the 10-20 cm and 14 20-30 cm ranges varied from 0.87 to 1.22 under no difference, with 95% confidence level. 15 Porosity was calculated from the density of ice (ρ ice =0.91) and the water contents of the 16 snowpack over the gradient interval. Tortuosity is difficult to measure and is usually described as 17 a function of porosity, with values ranging from θ 1/3 to θ 2/3 (Striegl, 1993) . In this study, the 18 tortuosity of the snowpack was estimated by the theoretical relation τ = θ 1/3 (Millington, 1959 Colorado, and in boreal forest snowpack in Alaska. The snowpack at the high-latitude boreal 24 black spruce forest site has always been in dry conditions except for the snow-melting period. 25
The diffusion rate at a density of 150 kg/m 3 was 79% faster than at a density of 300 kg/m 3 , 26 assuming all other variables were unchanged, indicating that errors in the estimate of CO 2 flux 27 through the snowpack caused by incorrect measurements of density varied as density changed 28
Environmental factors regulating winter CO 2 Figure S1 ). These researchers 3 demonstrated that the propagated errors from porosity and tortuosity estimation resulting in snow 4 density uncertainties estimates of ±10, 20, and 30% were shown as a function of the absolute 5 snow density value. For example, a 10% error in the measurement of snow density resulted in an 6 error in the estimated CO 2 flux on the order of 3% and 5% for a snow density of 150 and 300 7 kg/m 3 , respectively. We estimated that the error in calculating CO 2 flux ranged from 1 to 11%, 8 compared with 2-9% errors evaluated by Seok et al. (2009) . Crust was formed by the 9 sublimation; however, we did not consider the effect on the ice layer when estimating CO 2 flux 10 because freeze-thaw events did not occur under the cold environment before the onset of snow 11 thaw. 12
Analysis of Soil Heat Flux 13
We correlated winter CO 2 flux with the non-conductive heat flux component of the active layer. 14 The non-conductive heat component, , is expressed in terms of volumetric heat production in 15 W/m 2 and is estimated by considering one-dimensional energy conservation as formulated: 16 (1) 17 where is the volumetric bulk heat capacity, is bulk thermal conductivity, is 18 temperature, is time, and is depth. Neglecting energy exchange below the lowest 19 measurement, the total amount of non-conductive heat components, R h , is the result of r h 20 multiplied by the thickness of the soil layer, d: 21
where the subscript i represents the i-th layer from surface to bottom. We set the mid-depth of the 23 i-th layer to be at the i-th measurement depth from the surface. Accordingly, the soil column was 24
divided into three layers, the thicknesses of which were 5, 7.5, and 10 cm from the surface to 1 bottom (25 cm). Finite element formulations to solve equations (1) and (2) are described in 2 Ishikawa et al. (2006) . 3 We assumed k h to range from 5.5 × 10 -7 to 8.0 × 10 -7 J/kg/K, referring to the thermal diffusivity 4 for frozen silty clay shown by Yershov (1998; d h = 5.5 × 10 -7 -8 × 10 -7 m 2 /s) and to its heat 5 capacity shown by Roth and Boike (2001; c h = 2.2 ± 0.2 × 10 6 J/m/K). These calculations 6 neglected the contribution of soil air because of its very low mass density. was not considered in our study and was estimated with the application of Fick's law. We used 10 6-h averages of CO 2 concentration, winter CO 2 flux, atmospheric pressure, temperatures in air 11 and soil, and soil moisture, during the snow-covered period of 2006/7. 12
Environment Factors and CO 2 Concentration 13
Soil moisture and the temperatures at 80 cm above the soil surface and at 5 cm below the surface 14 was the first day of snow melting-when ambient temperature increased to above zero, as shown 25 in Figure 3 . Also, the temperature dropped from 1.23 to -13.8°C, and the pressure increased from 26 959 to 980 hPa. Therefore, the atmospheric temperature, modulated by the pressure, is a 27 significant factor in determining winter CO 2 flux in the seasonally snow-covered boreal forest 28 soil of interior Alaska. 29
Environmental factors regulating winter CO 2 flux period. This may be due to a higher concentration difference between the 10-and 20-cm levels 18 before DOY 368, when the snow depth was less than 27 cm. As a result, we calculated the 6-h 19 average CO 2 concentration gradient before and after DOY 368; the difference in CO 2 flux is 20 likely due in part to warm soil temperature before DOY 368. The soil temperature is dependent 21 on the snow depth and affects the soil microbial physiology and the community composition 22 of -22.5‰ originated from root respiration rather than heterotrophic respiration in black spruce 12 forest soils of interior Alaska during the winter. Atmospheric temperature and soil temperature at 13 5 cm, depending on ambient pressure, therefore, play significant and key factors in regulating 14 winter CO 2 emission through the snowpack in these forest soils during the snow-covered period. cycle models should be sufficiently discussed and modified to include winter CO 2 contribution, 26 considering atmospheric temperature as a key regulating factor and depending on atmospheric Table 1 . The temperature was much higher for LP 24 than for HP-a difference of over 10°C on average. 
